We have studied the quasi-two-dimensional exciton in ZnSe/Zn x Mg 1Ϫx S y Se 1Ϫy ͑xϭ0.85, yϭ0.21͒ single quantum wells ͑SQWs͒ by photoluminescence and photoluminescence excitation spectroscopy. Self-consistent calculations of the peak energies for a series of SQWs give the conduction band discontinuity ⌬E c ϭ0.40⌬E g and the binding energy of the nϭ1 heavy-hole exciton E b ͑hh1͒ϭ22.1 meV for an 8 nm well width. We believe that the binding energy of the nϭ1 heavy-hole exciton is smaller than the LO phonon energy our samples resulting in a very large exciton-phonon interaction strength observed through the broadening of the exciton resonance with temperature. © 1995 American Institute of Physics.
Excitons in II-VI quantum well ͑QW͒ structures have taken on an increased significance because of the role claimed for them in laser diodes made from these structures. 1 In III-V laser devices, the lasering regime usually occurs only when excitons have been completely screened out. The much smaller excitons in some II-VI materials may persist into the gain region and contribute to lasing. The additional possibility that the dominant scattering process for excitons, namely LO phonons, may be significantly reduced under certain conditions when the binding energy exceeds the phonon energy, implies an excitonic contribution to devices up to room temperature. Such effects have been studied in the ZnCdSe/ZnSe 1 and also in the ZnCdTe/ZnTe systems. 2 The recently developed ZnSe/ZnMgSSe system has represented a significant advance for II-VI lasers as a pulsed current injected laser operation up to room temperature has been observed for the first time with this system. 3 The properties of excitons in this system and their role in lasers and other devices are little understood. In this letter we derive from photoluminescence ͑PL͒ and photoluminescence excitation spectroscopy ͑PLE͒ estimates of the exciton binding energies, and the strength of the interaction of excitons with LO phonons in single quantum well structures. The system is uniquely suited for the study of excitons in II-VI materials since the wells are a binary material, and can be lattice matched to the barrier, it is a type I structure for both heavy and light holes and has large valence and conduction band offsets.
Five ZnSe/Zn x Mg 1Ϫx S y Se 1Ϫy ͑xϭ0.85, yϭ0.21͒ single QWs were grown on a ͑100͒ GaAs semi-insulating substrate by molecular beam epitaxy ͑MBE͒. First, a barrier layer of 500 nm width was grown on the substrate, followed by five QWs of 8, 4, 2, 1, and 0.5 nm well width ͑L z ͒, respectively, and barrier layers of 300 nm width ͑L b ͒. The single QW sample with L z ϭ8 nm, studied in detail in this investigation, was obtained by etching away the upper four QWs of one sample. The band-gap energy difference between the well and barrier was ⌬E g ϭ220 meV which was estimated from the PL spectrum of the barrier layer. Details of the growth conditions have been reported in another article. 4 A tunable dye laser with Stilbene-3 was used for the excited laser in the PLE measurements. The dye laser range was 420-460 nm under UV light ͑355 nm, 1 W͒ pumping which was produced by the third harmonic of a Nd:YAG ͑1064 nm, 25 W͒ system. The photoluminescence from the sample was focused into a Spex 0.5 m monochrometer and was integrated using a lock-in amplifier system. The sample was mounted in a closed-cycle He refrigerator allowing sample temperatures in the 10-300 K range. FIG. 1. PLE ͑solid line͒ and PL ͑broken line͒ spectra at 9.8 K of the L z ϭ8 nm well width of the ZnSe/Zn x Mg 1Ϫx S y Se 1Ϫy ͑xϭ0.85, yϭ0.21͒ single QW. E hh1 ͑2.827 eV͒, E lh1 ͑2.855 eV͒, and E hh2 ͑2.907 eV͒ represent the nϭ1 heavy-, nϭ1light-, and nϭ2 heavy-hole exciton peak, respectively. The energy difference of PL and PLE peaks ͑the Stokes shift͒ is 1.2 meV. The structure evident as features A-F in the PL and PLE has not been clearly identified to date. The spectrometer was set at energy X for monitoring the luminescence. nm͒ at 9.8 K. Heavy-hole ͑nϭ1,2͒ and light-hole ͑nϭ1͒ exciton peaks ͑labeled E hh1 , E hh2 , and E lh1 ͒ are clearly observed in the spectrum. The PL spectrum ͑broken line͒ is plotted along with the PLE ͑solid line͒ spectrum for comparison inside Fig. 1 . In PLE there are weaker features ͓Figs. 1͑A͒ and 1͑C͔͒ at both the higher and lower energy side of the nϭ1 heavy-hole exciton peak ͓Fig. 1͑B͔͒. In the PL spectrum, a strong line ͓Fig. 1͑D͔͒ is observed shifted by 1.2 meV from the PLE peak with no high-energy shoulders but with two low-energy features ͓Figs. 1͑E͒ and 1͑F͔͒. We interpret Fig. 1͑D͒ as the main free-exciton emission line. The nϭ1 heavy-hole exciton peak was similarly observed for the other well widths. The energy position of these excitons is plotted in Fig. 2 for the well widths L z ϭ8, 4, 2, and 1 nm. From the position of the excitons we can now derive an estimate of the band offsets and binding energies in these materials for the first time.
To achieve this we use the analytic method of Mathieu et al. 5 which can reproduce the results of a more detailed variational calculation on the GaAs/AlGaAs system 6 with good accuracy. In this method the binding energy of the exciton is calculated analytically by first calculating the electron and hole confinement energies from the band offsets. For our calculation, we use the ZnSe effective masses for the electron, heavy hole and light hole which are m e ϭ0.147m 0 , 7 m hh ϭ0.6m 0 , 8 and m 1h ϭ0.149m 0 , 9 respectively, and we use these values for both well and barrier materials. We also use the ZnSe Luttinger parameters which are ␥ 1 ϭ2.45 and ␥ 2 ϭ0.61 7 and the ZnSe dielectric constant ⑀͑0͒ϭ9.12.
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In our case we only know directly the total band offset ⌬E g ϭ⌬E c ϩ⌬E v . This is 220 meV for our particular materials. We use the analytic method to calculate the energy of the nϭ1 heavy-hole exciton as a function of well width using ⌬E c /⌬E v as a parameter to be fit to the observed excition peaks in luminescence. Figure 2 shows the calculated exciton positions as a function of the well width for different values of the ratio ⌬E c /⌬E v . The data can be fit very well with ⌬E c /⌬E v ϭ40/60. Since the fitting is not very sensitive to the ratio, however, we can only say with confidence that the ratio is between 30/70 and 50/50. The fact that a good fit is possible for the four well widths does show that the analytic method is reliable for describing this material. The best fit value for the offset ratio is close to the predicted value of 36/64 from Harisson's method. 11 This is the first report of a II-VI quantum well structure having both a large conduction and valence band offset.
The calculated heavy-hole binding energy as a function of well width for the best fit in Fig. 2 is shown in Fig. 3 as the solid line. Also shown in the light-hole binding energy ͑dashed line͒. The exciton binding energy increases with decreasing well width as expected from the decreasing dimension of the exciton wave function three-dimensional ͑3D͒ to two-dimensional ͑2D͒ by the confinement effect in the quantum well. For our particular samples with ⌬E g ϭ220 meV the maximum calculated binding energy of the heavy-hole exciton occurs at a well width of 3.1 nm and is only 24.7 meV. Compared with the bulk value of 19.3 meV, this is only a factor of 1.3 greater. In 2D limit, the binding energy is four times the bulk value. Thus this system corresponds to a weakly quantum confining system, which is ascribed to the small Bohr radius ͑4.1 nm͒ of bulk ZnSe. To increase the exciton binding energy a larger total offset is required. We have used the analytic method to calculate the binding energy for three other band offset, 100, 600, and 1000 meV, respectively, as shown in Fig. 3 . At 600 meV, the maximum binding energy occurs at L z ϭ2.0 nm and is 30.7 meV. This energy is close to the value of the LO-phonon energy in ZnSe. For the 8 nm well we also calculated the energies of the light-hole and nϭ2 heavy-hole transition, and the results are given in Table I as calculation I. Very good agreement is reached if the well width is modified by a small amount from 8 to 7.7 nm ͑calculation II͒. The good agreement gives firm evidence that the spectroscopic assignments in Fig. 1 are correct. The features noted in Figs. 1͑A͒-1͑F͒ have not been clearly identified to date. From the analysis presented above we made an estimate of the expected peak positions if monolayer fluctuations were responsible for the structure. Our calculations showed that this was not the case and in any event the samples were grown without growth interruption. Intensity dependent measurements in PL show that the features are excitonic in character. Figure 4 shows the temperature dependence of the PL from the sample with two wells ͑L z ϭ8 and 4 nm͒ as a function of temperature. We note a very strong broadening of all the excitonic resonances with temperature. The broadening is ascribed to LO-phonon scattering and due to the very large Fröhlich interaction, it is much greater in II-VI than in III-V materials. The broadening with temperature is described by the phonon interaction parameter, ⌫ ph . Recent studies in the ZnCdSe/ZnSe system have shown that where the exciton binding energy exceeds the LO-phonon energy, the broadening effect, i.e., ⌫ ph is strongly reduced. 1 We estimate ⌫ ph to be in the range 60-80 meV for our materials. This very strong broadening in our samples along with the estimate that for all well widths with ⌬E g ϭ220 meV the exciton binding energy E b ͑hh1͒ is less than the phonon energy ប LO , suggests that a system with a large total confinement of ⌬E g Ͼ600 meV ͑see Fig. 3͒ is necessary to reduce the exciton broadening and thereby preserve a sharp exciton feature to room temperature.
In conclusion we observed both heavy-and light-hole exciton peaks of the II-VI ZnSe/Zn x Mg 1Ϫx S y Se 1Ϫy ͑xϭ0.85, yϭ0.21͒ SQW system, which indicates that the ZnSe/ZnMgSSe system has a type I structure. Fitting to data using an analytic method shows both the conduction and valence band offsets are large in this new structure. The calculated binding energy of the nϭ1 heavy-hole exciton is less than the LO-phonon energy in our materials with ⌬E g ϭ220 meV. A larger total band-gap discontinuity ͑ Ͼ600 meV͒ should induce the relationship of E b ͑hh1͒ Ͼប LO . In such QWs the exciton characteristic should be dominant even at room temperature. We believe that this binary-well II-VI system has the potential to become the prototype structure for II-VI materials.
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TABLE I. The experimental and calculated energies of the exciton peaks and the calculated exciton binding energy for L z ϭ8 nm. The experimental values were obtained from the PLE measurement at 9.8 K. The results of Calculation I were obtained using the material parameters mentioned in the text while the results of Calculation II were obtained by a self-consistent calculation in which L z was used as the fitting parameters. 
